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‘ PRELIMINARY PERFORMANCE ANALYSIS OF THE
PULSE-DETONATION-JET EKGINE
SYSTEM

24 October 1952

EOREWORD

This report was prepared by the Aerophysics Devel-
opment Corporation under U.,S5, 4Air Foree Contraect Number
~F 53(616)-37, This is the third progress report of the
work completed by 10 October 1952 under the researsh and
development ocontract identified dy fxpenditure Order No.
R-467-4 BR-1, The report is the third of a series’to be
issued on this projest, the first having been submitted
on 1 April 1952, the second on 24 July 1952 and the
fourth and final progress report due on 24 January 1953,
Two technioal reports have been submitted besides the
above technicel reports, one on 26 August 1952 and the
other on 18 October 1952,

Inoluded among those who cooperated in these pre-
liminary studies is £, L. Kumm, who assisted with the
ocombustion, heat transfer and fuel control system.
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The final performance gnalysis o the supersonlc Pulse-
Det-Jet 1s given in this report. The performance of the en-
gine given in this report represents a revision of the pre-
vious results given in Reference 1., Thesge final computations
inolude the new ideas of scavenging flow w¢nd minor sorrections
to the computations, The performance as presented in its
final form here does not substantially differ from the results
given in the last progress report (Reference l). The curves
of the &rag coefficient of & typlcal supersonic long renge
missile show, as before, that four 36" diameter engines have
enough reserve power to propel the missile through sonic flight
velooities and up to & flight Mach number of 2.80,.

In addition s unit small enough to be mounted on the blade
tip of a helicopter wus analysed. This unit has s maximum
diameter of 84" with combustion tubes 6" long and raenging in
diemeter from 0.,60" to 0.26". The total weight of one unit :
ls approximately 35 pounds. The basic difference of this smaller
unit and the large unit previously described is the method of
ignition of the fuel, It is doubtful 1f detonation can be
gupported in sush tubes. But, on the other hand, since the
tubes are composed of ceramic materials and are uncocled the
combustion is achieved rapidly by surface combustion from the
hot walls of the ceramic tubes, the combustion proceecling
radielly inward in the tube,

This Jet unit of 84" diameter produces & tarust of 110 lbs
at a meximunm temperature of 2000°F &and has & gpecific fuel conpe
gumption of 14656 133 / LB of thrust., Important performance points
are given in the Tollowing tuble,.

TEMP 2RATURL STATIC THRUST STATIC SPECIFIC
v FUEL CONSUNPTION |
F Pounds Pounds Per Hour
Per Pound of Thrust
1500 75 ‘ 1,31
Cruising
Temperature 1800 93 1.32
2000 110 1.33
Temperature
of Max. Power 2500 135 1.46

rEsthictEp  REPNRITV INENRMATION
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The Multi-Jet engine promises to be a very simple and ine’
expensive Jet unit suitable partioularly for helicopters and
othar subsonic aireraft and missile appliocations. Preliminery
design studies indicate that although the speoifio fuel ocone
sumption of the Multi-Jet is more than that of the reciprocating
engine, the mush lower weight makes it possible for a Multi-

Jet propelled helicopter to carry more payload for long as well
as short range operstiona,.
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INTRODUCTION

Two technical reports have been published on the
Multi-Jet engine (References 3 cnd 4). These two re-
porta describe in deteil the operution and the performe-
ance of the liulti-Jet engine utilizing 23 ignition source
the hot ceramic walls of the tubes with the burning pro=-
ceedings rudially in the tubes,

The performence computations of the supersonic
Pulse-Det-Jet utilizing detorction ere revised ané these
are described in detal 1 in this report, The metiod of
computation of these final results is similer to that
used in the previous progress report (Reference 1) and
the method 1s reported in full detuil here, including
tabuler data.

The description of the e..perimentel investigation
given in the previous report (Reference 1) ig arnplified
¢ nd ocontinued in this report

vi
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SECTION I
FIIAL PERFORMALKCE ANALYJSIo OF SUrBRSONIC ZKGINE

l.1 General

The last progress report (Reference 1) gave the complete
descoription and the performance of an engine suitable for super-
sonic flight. This engine was able to groduce (a) static thrust
gomparable to a turbo Jet but its efficlency was not as good and
(b) supersonic thrust comparable to a ram Jjet but at a muech
better specific fuel consumption,

In computing the performance of the engine as described in
Reference 1, various assumptions were made. These were:

(1) Burning time was 0,0015 seconds

(2) A Mach number of 1.0 was assumed for the scavenged
geses as they are discharged

(3) The following diffuser efficiencies were used:

Speed Total Pressure Ratio
0 = M, < 1,0 1,00
0= 2 0.95
u, s 2480 0,65

(4) The thrust was computed from only the impulse
obtauined (a) from the high pressure sonic dischsarge
of the burnt gases through the open end of the
tubes with no nozzle expansion considered, (b)
from the disocharge of the remaining burnt gases
during scavenging.

The impulse of the inteske air wag subtracted from the above im-
pulses to give the net impulse. The flow during the discharge
or expansion phase was &gsumed to issue at a liach number of 1,0
and no expansion was considered. 4ny reaction of the )ressures
on the solid portions between the tubes wus neplected. It is

-1 -
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expected thut a pressure greater than stutic pressure ig obtained
in the outlet duet of the whole engine.

A study wos made of these asoumptions to see if tiiey ocould
be improved ond what waus the effect of any changes.

l.2 Agsumptions

It wes felt that the burning time uced waes as good an assump-
tion as ocen be made at this time, It is hoped thet future exper-
imental results in the literature will throw more light on this
phase of the cyocle,

A better consideration for the scavenge flow is given for
the lower flight l.uch numbers. YFor these oases it wes felt that
the exit veloocity for the remainder of the burnt gases was assumed
to be too high 2nd therefore gave an impulse thut was too great.
It will be assumed that this flow is discharged at a velocity
equal to the inlet velocity of the fresh fuel-air mixture entering
the tube at the front end. Thig would be true for the lower Nach
numbers 0 = M, < 1,0,

Consider a tube Just ot the end of the discharge or expansion
phagse. The pressurc in the tube drops to the totsl wessure of
the inlet flow M\ et which tire the inlet valve is opened. The
inlet flow traveiling at 2 llach number M, has been brought to
rest at the mouth of the tube wiile 1t wazs closed. eanwnile,
at the exit of the tube, the amblent stetic presuuwre is lower than
the pressure in the tube, which is equrl to total pressure of a
flow of lLiach number ¥ + The conditions here are similer to the
subgonic flow surrounfing an airfoil, i.e. total jresiure at the
stagnction point on the leading eldge and stutic pressure &t the
trailing edge., Therefore, in the tube the remainder of the dburnt
gases continue to flow out of the tube., This flow ras be coumpared
to the gteady flow of air in a stream tube towards a stagnation
point and then away from the stagnation point.

In computing the impulse produced by the ejection « the re-
mainder of the burnt gases during the sesvenging phtses the exit
velooity is assumed to be the ssme as the inlet velocity of the
new fuel-air mixture., This will be true for the subsonic flight
Mach numbers, 1.e. 0 £ My < 1.0.

For the supersonic lach numbers it will be seen that the
total pressure in the tube will be sufficiently high to produce
sonio exit velooity during scavenging. At supersonic flight speeds
the pressure in the tube during scavenging and immediately after
the discharge phasse will be, at first, low, then after the pressure
wave from the opening aoction of the inlet arrives, the messure
is inoreased. This oan be geen in Figures 5 and 6 in RKeference 1,

|2 -

-oho

RESTRICTED




RESTRICTED

PREPARED BY | ' ot MO
‘AEROPHYQCS DEVELOPMENT CORPORATION [ADC=102=5__ |
CHECKED BY : DATE
P O BOX 657, PACIFIC PALISADES, CALIFORNIA |10~24-52

The performance computations are carried out in Appendix I
and are tabulated in Tables I and II, The curves for the thrust,
speocifio fuel corsumption, specific thrust and thrust per unit
maximum frontel area are given in Figures 4, 5, 6, and 7.

The drag coefficient of a typloal large missile is plotted
on Figure 17?&) in Reference 1., This missile has a ground launch
weight of 52,000 pounds with & wing area of 425 square feet.

Four engines are required, each having an outside diameter of

36" and each weighing about 1,000 pounds for a total engine weight
of 4,000 pounds which is about half that of turbo-jets with after-
burner having the same thrust at high supersonic speeds. It will
be noted in Figure 8 that this system has sufficient exsess thrust
to accelerate through M = 1,0 at sea level by operawting at a max-
imum oyocle temperature of about 3,200°F, The minimum cruising
speed at h = 35,000 feet will be Y,=1-60 for Tuax = 2540°F. im-
ilarly at 5,000 feet, this system hzs sufficient thrust to
accelerste through M = 1 znd accelerate to kM = 2,80 by operating
at Tmax = 33509F, Figure 9 gives the minimum flight velocity

( or take-off velocity??r

RS ST T T TR TE

The maximum cross-sectionel diasmeter of the cngine is 36
inches, the length is 55 inches., The cross-sectional area of the
combusgtion tubes is 506 squsre inches or 5l.b% of the maxlimum
oross-sectionsl area of the engine, There are six concentric
rows of 32 tubes each. The diameters of the tubes decrecse from
the outer to the inner circle and they are 2.62", 2.,22", 1.87",
1.50", 1.238", and 1,02", The length of the tubes are 15". The
total weight of the engine is &approximetely 950 lbs,

-3 -
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FIGURE 4
ACTUAL THRUST OF A J6 7 DHANMETER FPUSE-LET -JET
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SECTION II
ANALYSIS OF THS SUBSONIC zKGINE

2.1 Introduction

Two technioczl reports have been written on the preliminary
analyaid of an engine suituble for helicopter rotor propulsion,.
4 typloal engine is describec having an external diameter of 87
inohes, an overall length of about 16 inches with 50 of the max-
imum arez as combustion tube area, The tubes are made of a cer-
amic material suitable to withstand the internul pressures at
high wall temperatures,

The basiec difference between this engine and the supersonic
engine is the method of ignition of the fuel. Ulnce the tubes
are of such a small diameter snd length, it is doubtful if deton-
ation can be initizted or even supported under such econditions.
On the other hand, by tuixdng advantuge of t.e ignition and flame-
holding qualities of the hot wtlls of a ceramic tube tnig diffi-
culty oun be overcome., References & and 6 describe : method of
burning at very high rates of mass flow i thin ceramic burners.
In reference 5 at the Univeraity of lichigan very nigh velues of
heat releasse per cublc foot of corbustion chimber space wug ob-
taeined by burning & stream of fuel mixture travelling ct very
large velocities through the burner., In heference 6 at tne Gas
Regezrch Board very high velues of heut relesse per cubic foot
of combustion chember space werc w¢lso obtuined.s Tne flow velocity
in Reference 6 is of the seme megnitude g tnut in present ram
Jet burners, but much shorter combustion churber lengths were
used., In Reference 5 the moin improvement of the cerumic burner
over the present normal burners is due to the very high velocity
employed in the burner tests,

It is proposed to meke us of this phenomenon of surfuce com-
bustions If it turns out thut the mechanism of burning is ob-
tained through a series of explosions then by cureful design of
the tube lengths tnd dismeters it will- be possible to tune tins
opening «nd closing of the vulves to the frequency of the explos-
ions. Further experimental investigution is needed to olzrify
the burning phase und to obtain more informstion with whieh the
combustion tube sizes cun be determined. Jection v describes the
proposed experiments more fully.

AJ
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Three of these 8 inch diumeter engines with ¢ tip speed of
600 feet per second are cupuble of supplying enough power to
propel a 3600 pound groas welght helicopter including & 1200 pound
peyload (inocluding pilot). The endurance of this machine would
be about *,0 hours st full load or about 6.2 hours with no pay=-
load., It is expected thet helicopters ;ropellec with the Fulti-
Jet will be able to compete quite favorably with the piston driven
helicopter as well ayg making the overcll construction much sime
pler and cheaper,

L £ull deseription of the Jet unit wru ¢ compurison of var-
ious helicopter drive gystems is given in Keferences _ and 4,

- 11 -
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SECTION IIX ‘ ‘

EXPERIMENTAL INVESTIGATION

3,1 Detonation f

; The detonation experiments were continued in the shoek tube ;
) es desoribed in the last progress letter (see Fipure 22 in Refer- | ;
‘ ence 1),

i Various ethylene-sir mixtures were introduced into the ex-

p pansion chamber and their combustability or ignitability was
proved by their ignition by means of a spark. This spurk was
obtained by means of a small ignition system used on the small
model airplane gas engines. The ethylene and air were introduced
separately into the expansion chumber ¢nd werc thoroughly mixed
by means of a plunger which was passed through the tube a few
times, +hen tne mixture was ignited with the spark o very weak,
muffled pop was heerd and & very dull, blue flame, tinged with
orange, wes noticed issuing from the end of the tube., During
these ignition tests, a single cellophane diapnragm wus placed

in its usual position in the shock tube znd &« sinsle sheet was
tied to the end of the expansion tube. The pressure obtained

due to the ignition was berely cble to hHlow off the piece of i
cellophane on the end of the tube, while tie dicphregm wes un-
broken, After each ignition the tube wis blown out by ellowing
compressed £ir to pressurize the corpression chazmber ard rupture
the single sheet of cellophane clumped in the diaphregm position.

The ne..t step was to determine which of the cbove nixtures
that proved to be ignitable by mesns of & sperk could be dctonated
by meens of & shock weve. The fuel-oxygen in the ethylene-air
mixture wes in the sume runge of rutios &¢s those used by Shepherd
in his experiments on ethylenec-oxygen reported in Reference 7,
Thege fuel-air mixtures could not be detonuted by means of a
shook weve. FPressures up to 100 psi were used in the compression
chamber producing shook waves with & pressure ratio of 2.5, It
was dedused then that the shock w.ves were not strong encugn to
detonste the ethylene-air mixtures. Oince it was impossible to
obtain higher pressures with the present uir supply, stronger
waves were not prodused,

It wag then decided that the experiments of Shepherd (Ref-
ercnce 7) should be repeated. 1ie found thut an 18% mixture of
ethylene and oxygen could be detonated by means of & shock wave
having e pressure ratio of 1.80 {(prodused in « shock tube huving
a compression chumber pressurc of 65 psis)

- 19 -
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In our experiments the air in the expansion chember wes
displaced by allowing tne oxygen to flow through the tube for &
few minutes. The tube was then closed end the ethylene was allow-
ed to flow into the expension chamber, The gases were then thor-
oughly mixed, Again shock weves up to & pressure r.tio of 2,50
did not detonate the ethylene-oxygen mixtures. It wus not clear
why Shepherd's results could not be duplicated. To determine if
the mixture was combustible, the spurk wes agein used to ignite
the mixture, /

On ignition w4 th the spork the mixture ignited #nd burned
with explosive violence, It wes deduced that detonution had
ooccurred, The expansion chember wts 3% feet long and 2 inches
in dismeter. A tube 4" in dliameter surrounded the ¢nd of the ex-
pansion crucmber to colleet the wxhuust geces enc duct them out
of the room, This 4" tube which wuu made of galvenized sheet
iron wus blown apart by the explosion., It wzg from thie cbser-
vation theat it waes deduced that detonution hod occurred, A better
method of detectins a detonation wave is needed.

The experiments in dectonation have beer discoutinued until
more &ir »ressure can be obtsined to produce stronger shock weaves.

3e2 Ceramic 3urner Tests

Very sirple burner tests have been set up to test the surface
combustion in severzl different kinds of ceramic tubes, The
purpose of taese tests is to determine the actuecl corditions in
a tube having & size which more clousely cpproximctes the tubes
being used in the Multi-Jet,

The parameters being measured are air flow, fuel flow,
inlet tempercture, outlet temperature and tube tempercture, Ethy=-
lene will be used in the first experiments. lMinimum well temp-
eratures recuired to start the high mess flow burning will be
investigated. Ignition limits of the fuel-air ratios will be
determined,

Vagious cerzmics will be tried uuch as Carbofraxl, Stupalithz,
Metemic™, and other materiels tn.t are available, The durubility

Y. A bonde. silicon carbide refrictory supplied by the Carborundum
Co., Refractories Division, rerth smboy, New Jersey .

2, A lithium alumino-silicate composition supplied by Stupakoff
Ceramio and Manufseturing Co,, Latrobe, Pennsylvuniea

3¢ An aluminum oxide material with cobelt binder supplied by the
Haynes Stellite Company, Division of Union Cerbide and Curbon
Corporation, 725 3. Lindsay ut., Kokomo, Indiana
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and the resistance to abrasion v 11 be checked for these various
materials and also their resistance to thermal shock,

The equipment for these tests is being assembled and the
teats will be under way shortly.
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The computetions of Tables I cund II give the performance
calculations for a 46" diametor l.ulti-Jet operating under an
| actual oycle, logt of the headings are self-explained. Table I
! gives the supersgonic performance compututions while Table II
gives the subsonic per”ormance computitions. The numerical
subseripts refer to the flow conditions duris; tiuc different
phages of the cycle. Hheferring to Table I and rigure 1, the
subserint "o" refers to tue axdilent couditions of the flow;
"1" refers to the flow conditions of tne duwetr flow during sca-
venging; "2" refers to the flow conditions after the passage
% of the shock weve; "I5" refers to the conditions in the closed
combustion chamber after burning is completed end Just before
discharge, The primed gymbol is used te denote t.e Llow cone-
ditions of the svme inlet phuse efter tie flow has arrived at
: " the rear of the tube und has been inrluenced by tiie frictional

forces in the duct. It will be noted that Mj; = 0.6 for all

cases and the tube diverges at ¢ small ansle in order to keep
ky = constant throughout the length. Column 1§ pzives the average
density of the fuel-air mixture in tie tube. Column 1l¢ ives
, the ideal btotal welight of air trapped in the tube., Tuoe weight
of air per cycle must still be recuced by & correction factor
thet is determined from the opening and closing tines of the
valves, The totul pressure obtalined in tue tubs must be reduced
by this correetion Tastor. Tables I ani II are similar up to
column 19, In Teble I (for the supersonic case) column 20 gives
the expansion rutio of the high pressure gases during tue dig-
cherge hase for tine gupersonic flight velocities M 2 1,00,
The impulse during the dischirge phsse for tne vi.ri8us expansion
ratios of Column 20 for a given total gressure ratio PrtR’_Zp,
is plotted in PFigure 2. These curves are ooteined from rigures
29 and 32 of Reference 2, The given flight lMach number deter-
mines the final pressure during discherge given by

P, + P’
2.(2:17)
for the supersonic Mach numbers. Then in ¥igure 29, (Reference

2) P/pywould oorrespond to column 20. From Figure 29 (Reference

2) for 8 given maximum cycle pressurc snd the v:lue of column
20, the wvalue

ST i

Toiscn An As
Vou

!
is obtained. I'or the given pressure ratio ;} = f%%%EL
©
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on Figure 32 (Reference 2) the value of
Toiscy Awn Qs
Vou

found on Figure 29 (Reference 2) is used to find the ocut-off
point on the thrust curve. The ares is found under the thrust
ocurve between the limits

O to Toiscw An Qs
VoL

(given by Figure 29, Reference 2) and plotted on Figure 2 for
the given value of M, e In this way the cwurves for L, = 2,80,
2,00 and 1,00 werc oBtiinec for Fjgure 2, From Figure 2 column
21 of Tuble I is obtained, By integration of the curve of
Figure 30 (in Reference 2) fromT ® 0 to T = Toiscw (i.e,
the valus of T found from Figure 29 (Reference 2) using

P'/p, = column 20) gives the percentage of sir discharged
during the tnrust phase (while the jressure dropped from Py to

P +p L
(R+Ry') 217

!! | This can be sean from the following equation where w is the
g weight flow in 1bs/sec.

/_A;U'________ 0(_ M = /JAJ" Czrbncn
Qs (3 gAN Vo ¥ Ve
where [ .- o Tass iS the weight of uir discharged and (¢./3.Vol)
is the total weight of air contalned in the tube before discharge.
Column 23 gives the percentage of air discharged while 24 gives
the weight of the remsining oir. Jince the geoses are expanded
isentropicslly in the tube during the dischirge phuse, the total
temperature at the end of discharge is given in column 26. From
the vslue of the total tempersture in the tube the velocity of
gound &t & nozzle,(discharging at sonic velocity) cen be found,
This is the velocity of the remainder of the burnt gases during
soevenging and 1is given by column 27. The value of T scav for
column 28 is obtained fram Figures 5 end 6 in Reference 1. The
impulse of the scavengei gsses as they are discharged is given
in two perts. The gases first issue at & low nozzle pressure =
Nl
2xe- 17
After the pressure effects from the front vulve reach the exhaust,
the guses iusue at a higher pressure = pf'R}ﬁa e 4pproximately
4 of the remainder of the gases leaves at the low pressure, the
other 3/4 leaves ut the higher pressure. It was asusumed that
- the nozzle velocity remained the same during the whole soavenging
!B. period. ictuelly the pressure and temperature ecffects of the
opening sotion of the inlet velve would increase the exit velocity
from thiat given by column 27. This i3 neglested, Columns 29
and 30 give the two pressures] The impulse of these gases is

I TR

T g ay
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then computed in columns 31, 32 snd 33 which when added give
the imyulse durins seavenging (column 34), The impulse of the
intake air 1is given by column 55. The net impulse is given
by column 36. The total duration of the cycles are obtained
grom Figures 5 and 6 (Reference 1).

If the valves require a finite time "t" to open and close -
(Figure 3) then the masa thet will flow into the tube while the
inlet vulve is open will be re.uced from that of the 1desl oyocle,
This slso reduceg the maximum ¢ycle pressure. The redustion of
these two parameters causes a reduction of thrust and specific
thrust znd an increasse in specific fuel consumption.

- t
e -
ORPEN 50k \
b a -|J

Figure 3
Yalve Diagram

In ¥igure 3 "a" 1is the actusl time the inlet valve is opened |
totelly or pertially. This 1s obtained from Figures 5 to 8.\Ref.1]
It is acssumed that 1f the inlet valve was fully open for the
period of time "a" then the ideal muss would heve entered the
tube. Therefore, the ratio of the actual mass per oycle to the
ideal msss per cycle would be

a-t _ ,_ t
== - % (2)

The percentage deorease in thrust due to the reduction of
mass flow is then
t

o (3)

The percentage decreasse in maximum oycle pressure due to the
deoresse in mass per oycle is then t/a , and the further per-
centauge decrease in thrust due to decrease in maximum cycle

pressure is
K%,‘ (4)

a0 -

i
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Where K is glven by Figure 26 of Reference 2.
The idecl thrust i1s then reduced by

-t t
(-&)(1-x%) (o)
The specific thrust is reduced by
(I-KE) (6)
The specifio fuel consumption is increased by
(- KE) (7)

The above considerations explain columns 38 to 46 and 49 and 50,
The fuel-air ratio is found from Figure 10 of Reference 1,

Table IX gives the computations for the subsonic flight
velocities, Since columns 1 to 19 are similar to t hose of
Table I they are not repeated.

Column 20 gives the expansion ratio dwing the discherge
phase, Column 21 gives the impulse whioch is found from the
curve of Figure 33 in Reference 2, For the subsonic flight
Mach numbers, the pressure in the tube is allowed to drop to Po.e
{(where M_ defines Po+ ) since the vaeriation of Foe for 0<M £
0.75.caugeg a very small veriation in the impulse ( < 3%),
differences in the impulse curve for the subsonic flight vel-
ooities were neglected. The ocurve of Figure 33 (Referencs 2,
was sufficlently acourate for this purpose. Columns 23, 24
and 25 of Table II are similer to columns 23, 24 end 25 of Table
I, The exit nozzle pressure during scavenging was assumed to
be equal to the velooity of the inlet fusl-air mixture (i.e.
M;a, J)o The impulse of the scavenged gases are therefore,
given in golumn 26, The rest of the columns are similar to those
of Table I,

Columns 51 to 57 of Table I and Columns 43 to 49 of Table
II give the drag and thrust coefficlents of a typicel supersonie
missile with a wing area of 425 square feet, powered by 4 of the
36" diameter engines, The thrust and drag coefficients are
referred to the wing area and the drag coeffiocients are odtained
from Figure 17(a) of Reference 1,
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